Abstract: Fluctuations in Holocene atmospheric radiocarbon concentrations have been shown to be due to variations in solar activity. Analyses of both 10
Introduction
The value of atmospheric radiocarbon content as a solar variability proxy has been con rmed through analyses of both 14 C and 10 Be (Stuiver and Braziunas, 1989; Bard et al., 1997; Beer et al., 1988; Beer, 2000) . The central Greenland GISP2 ice core background dust concentration also appears to be modulated with a period of 11 years from at least 100000 years BP (Ram et al., 1997) . This period coincides with the 11-year Schwabe sunspot cycle (Cohen and Lintz, 1974) . Evidence for solar forcing of climate has been detected in European peat bogs at c. 850 cal. bc (van Geel et al., 1999) , using wiggle-match dating (van Geel and Mook, 1989; van der Plicht, 1993; Kilian et al., 2000; Speranza et al., 2000) to precisely establish the timing and relation of wetshifts to changes in the production of detected during the 'Little Ice Age' series of climatic deteriorations. Ombrotrophic mires are closely coupled to the atmosphere, since they receive all their water through precipitation alone. In addition, plants growing on these mires are sensitive to changes in effective precipitation (the balance of precipitation remaining after evapotranspiration processes). Rainfed peat bogs are therefore excellent ecosystems to investigate potential sun/climate links, since exceptional preservation of subfossil material upon burial, combined with high accumulation rates (a mean value of 1 mm yr 2 1 ) and relative ease of radiocarbon dating, allows highresolution reconstructions of Holocene palaeoenvironments to be made using these records (Aaby, 1976; van Geel, 1978; Barber, 1981; Barber et al., 1994; Kilian et al., 1995; van Geel et al., 1996; Mauquoy and Barber, 1999; Hughes et al., 2000) .
Materials and methods
In order to investigate the timing and nature of climate change during the 'Little Ice Age' (LIA), peat monoliths of 1 m depth were taken from Lille Vildmose (LVM), Denmark (56°509 N, 10°159 E; Figure 1 ) and Walton Moss (WLM19), UK (54°599 N, 02°469 W). These ombrotrophic mires are positioned c. 800 km apart, and offer the possibility of detecting supraregional changes in climate. Both of these rainfed peat bogs are remarkably intact and possess abundant Sphagnum magellanicum, principally in lawn microforms, while Sphagnum capillifolium and Sphagnum tenellum/cuspidatum are encountered in hummocks and low lawns/pools respectively. Increases in mire surface wetness were detected by increased representation of Sphagnum tenellum, and Sphagnum cuspidatum leaves (Figures 2b and 3b) . Increases in the representation of these subfossil bryophyte components unequivocally illustrate high local water tables (Barber, 1981) , which in raised peat bogs indicates increased effective precipitation (cool, moist climatic conditions).
A single 92 cm monolith of peat was taken from Lille Vildmose (LVM) using a Wardenaar corer (Wardenaar, 1987) . The top 25 cm of this monolith was compressed by the Wardenaar corer; therefore a small pit was dug immediately adjacent to the Wardenaar borehole, and a replicate core taken with a metal box (50 Figure 1 Study sites in northern England (above) and Denmark (below).´1 5´10 cm). Samples from the box sample were taken from 0-25 cm depth, then from 25-92 cm samples from the Wardenaar monolith were used. The Wardenaar borehole taken from Walton Moss (WLM19) was positioned 7.3 m northwest from Walton Moss Core 11 (see Figure 2 in Barber et al., 1998) . WLM19 did not suffer from any visible compression, therefore the complete monolith was investigated. Vegetative macrofossils taken at contiguous 1 cm sample intervals in each monolith were examined using light microscopy. Abundances of each peat component were expressed as volume percentages of the subsample (c. 5 cm 3 ). A closely spaced series of 14 C AMS dated samples immediately preceding and following each of the identi ed wet-shifts was closely matched to century-scale uctuations (wiggles) in the 14 C tree-ring calibration curve (INTCAL98 calibration data set; Stuiver et al., 1998 ) using CAL25 (van der Plicht, 1993 . By using this wiggle-match dating strategy (van Geel and Mook, 1989 ), the precise timing and relation of wet-shifts to changes in the production of 14 C was determined. During the Holocene, production of 14 C is mainly dependent upon incident cosmic rays ( Figures  2a and 3a) , while the intensity of cosmic rays is anticorrelated with solar activity (Beer et al., 1990; Leftus, 2000) . Changes in deep-water formation (reduced CO 2 exchange at the air/sea interface and/or reduced upwelling of 14 C de cient deep ocean water) appear to be an unlikely candidate for the marked changes in 14 C production during the 'Little Ice Age' (Stuiver and Braziunas, 1993) . In addition, there is no indication from experimental data that Holocene 14 C wiggles are due to changes in the geomagnetic eld intensity (Jürg Beer, personal communication).
Results
The calendar and 14 C ages of the samples dated from LVM and WLM19 are presented in Tables 1 and 2 . In LVM (Figure 2b ), the wiggle-match t of the 19 14 C AMS dates to the tree-ring calibration curve is excellent, with the exception of a single outlier (date 16). The two wet-shifts identi ed in this peat bog using leaf abundances of Sphagnum tenellum and Sphagnum cuspidatum were initiated at c. ad 1449 (date 14) and ad 1604 (date 11). The wiggle-match dating results for WLM19 (Figure 3b ) again show an outlier (date 20), but, with the exception of this date, the 30 dated levels closely follow the wiggles in the calibration curve. The rst climatic deterioration registered at date 23 suggests that the inception of Sphagnum tenellum and Sphagnum section Cuspidata occurred at c. ad 1215. The start of the second and third wet-shifts identi ed (dates 13, ad 1464, and 8, ad 1601) again occur during periods of rapid increases in D (Stuiver et al., 1998) are presented with 1 s error bars. Two subgroups of the 14 C dated samples were independently wigglematched to the tree-ring calibration curve (van Geel and Mook, 1989; van der Plicht, 1993) on the basis of pronounced changes in peat bulk density (dry mass cm 2 3 ). These changes re ect variations in peat accumulation rate. Abundances of Sphagnum tenellum (light shading) and Sphagnum cuspidatum (dark shading) are superimposed and register increases in mire surface wetness (cool, moist climatic conditions). Volume abundances of these vegetative macrofossils are expressed as percentages in the c. 5 cm 3 samples investigated.
Maunder Minima respectively (Figure 3a) . WLM19 mirrors the climatic response of LVM, since increased mire surface wetness did not occur during the Dalton Minimum. The ve wet-shifts identi ed in the peat stratigraphy of LVM and WLM19 are all correlated with steep increases in D 14 C, which are highly likely to have been driven by increased 14 C production, i.e., solar forcing changes. The identi cation of the Spörer and Maunder Minima in both LVM (c. ad 1449 and 1604) and the Wolf, Spörer and Maunder Minima in WLM19 (ca. ad 1215, 1464 and 1601 respectively), suggests that these climatic deteriorations had widespread effects, since these two mires are positioned c. 800 km apart. These time intervals correspond to periods of peak cooling in 1000-year Northern Hemisphere climate records (Crowley and Lowery, 2000) . Further evidence for the widespread registration of the 'Little Ice Age' is presented in the Greenland GISP2 ice core by O'Brien et al. (1995) based on sea salt and terrestrial dust uxes. The diatom-based record of Korhola et al. (2000) for northern Fennoscandia also suggests that regional changes in climate occurred during the 'Little Ice Age' (400 cal. BP). The sudden increase in D
14
C during the Dalton Minimum is smaller (8.8‰) than the Wolf, Spörer and Maunder Minima, which were major increases in D 14 C (around 20‰). Solar activity changes during the Dalton Minimum may therefore not have been as severe as the antecedent 'Little Ice Age' changes, which may explain the failure of the peat stratigraphy to record climatic changes during this time.
The direct link identi ed here between changes in 14 C production and the occurrence of regional climate change signals in ombrotrophic peat bogs during the LIA, suggests that solar forcing during this period may well have been an important driving factor (Stuiver et al., 1998) are presented with 1 s error bars. Three subgroups of the 14 C dated samples were independently wiggle-matched to the tree-ring calibration curve (van Geel and Mook, 1989; van der Plicht, 1993) on the basis of pronounced changes in peat bulk density (dry mass cm 2 3 ), since these subgroups are likely to have accumulated at different rates. Abundances of Sphagnum tenellum (light shading) and Sphagnum cuspidatum (dark shading) are superimposed and register increases in mire surface wetness (cool, moist climatic conditions). Volume abundances of these vegetative macrofossils are expressed as percentages in the c. 5 cm 3 samples investigated.
for much of the suggested natural preindustrial temperature variability in the Northern Hemisphere (Lean et al., 1995) . Solar activity is estimated to have varied by 0.24% from the Maunder Minimum to the present time (Lean and Rind, 1998) . Given these possible small changes in solar radiative output, amplifying mechanisms may operate to effect climate forcing. The precise nature of these amplifying mechanisms is uncertain, however (van Geel et al., 1998; . Nevertheless, this increasing body of evidence for a link between changes in 14 C production and the occurrence of climate change signals in ombrotrophic peat bogs suggests that variations in solar activity may well have been an important factor driving Holocene climate change. 14 C sample preparation. We are grateful to Major Johnson for allowing access to and sampling of Walton Moss, UK. Comments made by Jürg Beer and an anonymous referee helped to improve the paper. 
